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growth, but decrease later. We here investigated whether tau protein plays a role in adult neurogen-
esis. First we demonstrate that new neurons generated in the subgranular zone express tau in a
hyperphosphorylated form. Phospho-tau expression colocalized with doublecortin but not with
glial ﬁbrillary acidic protein, Ki67 or calbindin. The same was observed in the subventricular zone.
Tau knockout mice did not show a signiﬁcant decrease in the number of doublecortin-positive cells,
although a deﬁcit in migration was observed. These ﬁndings suggest that basal tau phosphorylation
present in adult animals is in part due to neurogenesis, and from Tau knockout mice it seems that
tau is involved in normal migration of new neurons.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction tubule-binding sequences (4R), whereas the alternatively splicedThe subventricular zone (SVZ) bordering the lateral ventricles,
and the subgranular zone (SGZ) of the hippocampal formation
are two brain regions where neurogenesis takes place in adult
mammals. In the hippocampus, newly differentiated granule cells
grow dendrites into the molecular layer, and send axons into the
CA3 region. Major glutamatergic synaptic activation from perfo-
rant path afferents does not occur until new neurons are two or
more weeks old. It coincides with appearance of spines on den-
drites of newly born neurons [1]. Within 4–6 weeks after birth
these neurons become fully integrated into the circuit [2].
Tau is a neuronal microtubule-associated protein that stabilizes
neuronal microtubules under normal physiological conditions. Tau
plays a key role in the morphogenesis of neurons. The human tau
gene contains 16 exons, from which different tau isoforms are gen-
erated by alternative splicing [3,4]. Some of these isoforms are
selectively expressed during embryonic and early postnatal devel-
opment [4–6], whereas in the adult central nervous system six dif-
ferent tau isoforms are expressed that differ in the presence or
absence of exons 2, 3, and 10 [7]. Exon 10 encodes one of the four
repeat sequences [7,8] that form the microtubule-binding domain
[9]. The presence of exon 10 results in tau with four repeat micro-chemical Societies. Published by E
ntricular zone; DCX, double-
ndez).isoforms without exon 10 have only three of these sequences
(3R). The expression of some of these tau isoforms is developmen-
tally regulated. Thus, isoforms lacking exon 10 (Tau 3R) are found
at early developmental stages whereas tau isoforms containing
exon 10 (Tau 4R) are mainly found in neurons at mature develop-
mental stages [10]. In adult human brain both Tau 3R and Tau 4R
are present, although in newborn neurons such as those in the hip-
pocampal dentate gyrus Tau 3R is the main isoform [11]. In addi-
tion to the presence or absence of exon 10, the phosphorylation
of tau is developmentally regulated: it is higher in fetal neurons
and decreases with age during development [12–14]. Furthermore,
a huge increase in the phosphorylation of tau arises in pathological
situations (tauopathies such as Alzheimer’s disease) [5,15]. How-
ever, fetal-tau phosphorylation can also be observed in the adult.
In this work, we have studied the presence of tau phosphorylated
in the fetal epitope PHF-1 in adult mice. Our results indicate that
phosphorylated tau is mainly localized in newborn neurons. In
addition, the analysis of Tau knockout mice (Tau-KO) suggests that
tau protein is involved in normal migration of new neurons gener-
ated from the subgranular zone.
2. Materials and methods
2.1. Animals
Generation of the mouse line Tau-KO has been previously
described [16]. Tau-KO as well as wild-type mice (C57BL/6) werelsevier B.V. All rights reserved.
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Spain). Four to ﬁve mice were housed per cage with food and water
available ad libitum. Mice were maintained in a temperature-con-
trolled environment on a 12/12 h light–dark cycle with light onset
at 07:00 h. One month-old mice were used in this study. All animal
care was in accordance with institutional guidelines.
2.2. Antibodies
The following anti-tau antibodies were used: PHF-1 (from Dr.
Peter Davies, NY, USA) recognizes serines 396 and 404 when they
are phosphorylated, AT-8 (from 2 Innogenetics, Gent, Belgium) and
12e8 (a kind gift of Dr. P. Seubert, Athena, San Francisco, CA, USA)
antibodies recognize serines 202 and 262, respectively, when they
are phosphorylated, and 7.51 antibody (from Dr. Claude Wischik,
UK) recognizes segments of the last two repeats within the micro-
tubule-binding domain of tau in a phosphorylation-independent
manner [17] and detects all soluble tau isoform in Western blot
analysis. Sources of other commercial antibodies were: a poly-
clonal goat anti-DCX (1:500, C-18, Santa Cruz Laboratories), poly-
clonal anti-GFAP (PharMingen), polyclonal rabbit anti-calbindin
(Millipore), polyclonal rabbit anti-nuclear Ki-67 (Novocastra) and
monoclonal anti-a-tubulin (Sigma).Fig. 1. Phosphorylated tau is present in DCX-positive cells in the SGZ of the hippoca
developmental stages as described in Section 2. Samples were electrophoresed, blotted, a
the dentate gyrus. Positive cells are found in the SGZ. (C and D) Hippocampal sections d
the SGZ (C) and SVZ (D). Scale bar = 50 lm in (C) and 75 lm in (B and D).2.3. Western blot analysis
Forebrain extracts for Western blot analysis were prepared
from mice at various ages in ice-cold extraction buffer consisting
of 20 mM HEPES (pH 7.4), 100 mM NaCl, 10 mM NaF, 1% Triton
X-100, 1 mM sodium orthovanadate, 10 mM EDTA and protease
inhibitors (2 mM PMSF, 10 lg/ml aprotinin, 10 lg/ml leupeptin
and 10 lg/ml pepstatin). The samples were homogenized at 4 C
and protein content determined by the Bradford method (Bio-
Rad). Total protein (10 lg) was electrophoresed on 10% SDS–PAGE
gel and transferred to a nitrocellulose membrane (Schleicher and
Schuell). After blocking, blots were incubated with primary anti-
bodies PHF-1 (1/200), 7.51 (1/500) and a-tubulin (1/2000) at 4 C
overnight in 5% nonfat dried milk. A secondary goat anti-mouse
(1/5000; GIBCO) followed by ECL detection reagents (Amersham)
was used for immunodetection.
2.4. Immunohistochemistry and immunoﬂuorescence
Mice were anaesthetized with a xylazine/ketamine solution,
and transcardially perfused with 4% paraformaldehyde (PFA) in
Sorensen’s buffer for 10 min. Brains were postﬁxed in 4% PFA for
2 h at 4 C and cryoprotected in 30% sucrose solution. Thirtympus and in the SVZ. (A) Extracts were prepared from mouse brains at various
nd probed with antibodies PHF-1, 7.51 and a-tubulin. (B) PHF-1 immunostaining of
ouble-labeled with anti-DCX (green) and PHF-1 (red) show colocalization of both in
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(Leica) and collected in 0.1% azide-PBS solution. Next, brain sec-
tions were pretreated for 1 h with 1% BSA, 5% FBS and 0.2% Triton
X-100, and then incubated with PHF-1 (1/100) for 1 h. Finally,
brain sections were incubated in avidin–biotin complex using the
Elite Vectastain kit (Vector Laboratories, Burlingame, CA, USA).
Chromogen reactions were performed with diaminobenzidine
(DAB; Sigma) and 0.003% H2O2 for 10 min. Sections were covers-
lipped with Fluorosave (Calbiochem; La Jolla, CA, USA).
Immunoﬂuorescence analysis was performed with sagittal
mouse brain sections pretreated with NH4Cl 50 mM, glycine
1 M, BSA 1%, and Triton X-100 1% in PBS buffer, and incubated
with primary antibodies. For colocalization studies, sections were
simultaneously labeled with goat anti-DCX (1/150) and PHF-1
(1/100), AT-8 (1/100), or 12e8 (1/100) for 1 h. Tissue was washed
and placed in secondary antibody solution: 1:1000 biotinylated
anti-goat IgG (Vectastain Elite ABC Kit Goat IgG, Vector Laborato-
ries), in 0.1 M PBS for 1 h at room temperature. Tissue was
washed and placed in 1:500 streptavidin–Alexa Fluor 488 conju-
gate (Molecular Probes) for 45 min at room temperature and sec-
ondary antibody goat anti-mouse IgG labeled with Texas Red or
donkey anti-mouse IgG labeled with Alexa 555. Colocalization
studies were performed with PHF-1 antibody and anti-GFAP
(1:400), anti-Ki67 (1:500), or anti-calbindin (1/500). In this case,
secondary antibodies were goat anti-mouse Texas Red and anti-
rabbit Oregon green. Colocalization of two markers was analyzed
by taking successive Oregon green 488 and Texas Red ﬂuorescent
images using an Axioskop 2 plus microscope and a CCD camera
(Coolsnap FX color).
2.5. Quantiﬁcation of migration of doublecortin-positive cells
Confocal sections of individual DCX-positive cells (wild-
type = 61, Tau-KO = 83) were reconstructed from confocal z stacksFig. 2. Phospho-tau protein does not colocalize with GFAP, Ki-67 or calbindin-positive cel
of the dentate gyrus. Hippocampal sections double-labeled with PHF-1 (red) and GFAP
bar = 50 lm.by using the program ImageJ. Cells migrating more than 13.38 lm
from the SGZ were quantiﬁed. The results were divided among the
number of total DCX-positive cells present in the section.3. Results
3.1. Phosphorylated tau colocalizes with markers of neuronal
differentiation in the dentate gyrus and subventricular zone
Phosphorylated forms of tau protein recognized by antibody
PHF-1 are at their highest levels around the second postnatal week
and then decline [13,14]. However, reactivity with PHF-1 was still
detectable by Western blotting in adult mice (Fig. 1A). When we
tried to identify the brain area where the phosphorylated protein
was localized, we observed immunoreactivity with antibody PHF-
1 in cells of the subgranular zone of the hippocampal dentate gyrus
(Fig. 1B). Taking into account that the SGZ is an area where neuro-
genesis takes place in adult animals, we stained hippocampal sec-
tions with antibodies recognizing antigens used as markers of
neurogenesis. We ﬁrst found colocalization with doublecortin
(DCX), a marker of early neuronal differentiation (Fig. 1C). PHF-1
staining was mainly concentrated in the somatic compartment,
while the DCX signal was also found in the apical dendrite. The
same was observed in the other brain area with active neurogene-
sis, the SVZ (Fig. 1D).
On the other hand, we found no colocalization of staining for
the PHF-1 epitope and the astrocyte marker glial ﬁbrillary acidic
protein (GFAP) (Fig. 2A). Fig. 2B shows that the lack of colocaliza-
tion of PHF-1 staining with Ki-67, a nuclear marker of proliferating
cells. In addition, we observed no colocalization of PHF-1 staining
with that for calbindin (Fig. 2C), a protein expressed in mature
neurons. Thus, in the SGZ the pattern of colocalization detected
in SGZ between phosphorylated tau and other markers of neuronalls. Representative colabeling of PHF1-positive cells with cell type markers in the SGZ
(A, Green), Ki-67 (B, green) or calbindin (C, green) show no colocalization. Scale
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immature neurons.
Phosphorylation of tau decreases the afﬁnity of tau protein for
microtubules [18]. This may explain the somatic staining found
with the PHF-1 antibody. To test this, we performed immunoﬂuo-
rescence with 7.51, an antibody raised against the tubulin-binding
domain of tau, and that therefore recognizes tau only when it is not
bound to microtubules. Interestingly, the 7.51 antibody stained so-
mas of DCX-positive cells, but not dentate gyrus granule cells. The
distribution of 7.51 signal was very similar to that observed with
PHF-1 antibody (Fig. 3). PHF-1 recognizes a phospho-epitope pres-
ent C-terminal from the microtubule-binding domain (MBD). We
next studied another two phosphorylation sites with phospho-spe-
ciﬁc antibodies which recognize serine 202 (AT-8 antibody, N-ter-
minal from MBD) and serine 262 (12e8, in the MBD). With these
antibodies a similar pattern was obtained, suggesting that tau pro-
tein in DCX-positive cells is hyperphosphorylated in different do-
mains throughout the protein.
3.2. Neurogenesis in Tau-Ko mice
To determine the role of tau protein in neurogenesis, we studied
that process in Tau-KO mice. We ﬁrst demonstrated that PHF-1
antibody gave no signal in hippocampal slices from Tau-KO mice
(Fig. 4B). When Tau-KO and wild-type mice were compared, we
observed that the number of DCX-positive cells was similar in bothFig. 3. Tau protein is not bound to microtubules and is phosphorylated on serine 202 and
(red) in the SGZ of the dentate gyrus. (B) Hippocampal sections double-labeled with an
obtained with 12e8 (red). Scale bar = 25 lm.mice (Fig. 4C). However, some DCX cells in wild-type mice could be
found in the granular cell layer, whereas in Tau-KO mice the layer
of DCX-positive cells was uniformly aligned with the SGZ. Quanti-
ﬁcation of DCX-positive migrating cells demonstrated that Tau-KO
mice show a decrease in migration compared with wild-type ani-
mals (Fig. 4D).
4. Discussion
Adult-generated hippocampal neurons originate from precursor
cells in the dentate gyrus, and as new granule cell neurons become
integrated into the dentate gyrus. That process takes place
throughout adult mammalian life. Adult neurogenesis at the den-
tate gyrus seems to be responsible for encoding new memories
[19]. Here, we demonstrate that, at least in part, fetal phosphoryla-
tion (serines 396/404, 262 and 202) is related with adult neurogen-
esis in the SVZ and SGZ, although fetal-tau phosphorylation can be
found in adult not only in these areas [14]. Thus, DCX-positive cells
from SGZ and SVZ are colabeled with the antibody PHF-1, which
recognizes tau phosphorylated in a fetal form. In addition, Tau-
KO mice showed a signiﬁcant decrease in the number of DCX-
migrating cells compared with control.
In the hippocampus, the astrocytes from the SGZ (GFAP-posi-
tive) divide to generate intermediate precursors which are orga-
nized around the astrocytes. We here demonstrate that PHF-1
labeling is not found in GFAP- or Ki-67-positive cells, suggesting262. (A) Representative colabeling of DCX-positive cells (green) with 7.51 antibody
ti-DCX (green) and AT-8 (red) show colocalization of both. (C) The same result was
Fig. 4. Neurogenesis in Tau-KO mice. (A and B) Hippocampal wild-type sections double-labeled with anti-DCX (green) and PHF-1 (red) show colocalization of both in wild-
type mice (A) but no PHF-1 signal could be observed in Tau-Ko mice (B). (C) Quantiﬁcation of the number of DCX-positive cells in wild-type (open bar) and Tau-KO (ﬁlled bar)
mice. There is no signiﬁcant differences between samples. However, when migration of DCX-positive cells was analyzed (D), a decrease in migration was observed in Tau-Ko
mice compared to wild-type mice. *P < 0.001. Arrows in (A and B) show migrating cells that have been quantiﬁed as described in Section 2. Scale bar = 50 lm.
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neuritic outgrowth in SGZ, a pattern similar to that observed dur-
ing development [13]. Also, we demonstrate that phosphorylated
tau recognized by PHF-1 disappears in differentiated granular neu-
rons (calbindin-positive). Our results also suggest that tau protein
facilitates DCX-positive cells migration. This is supported by the
observation of a decrease in migration of DCX-positive cells in
Tau-KO mice. DCX-positive cells have to migrate from the SGZ to
upper layers and send axons into the CA3 region. This process re-
quires a dynamic microtubule network. Keeping this in mind, it
is not strange to ﬁnd phosphorylation of tau, as the phosphoryla-
tion decreases the afﬁnity of tau protein for microtubules [18].
Interestingly, phosphorylated tau is accumulated in the somatic
compartment, something that is also observed in developing neu-
rons [13]. Altogether these results suggest that phosphorylation of
tau during neurogenesis gives DCX-positive cells a less stable and
more dynamic microtubule network. The need for a dynamic cyto-
skeleton is also supported by the observation that DCX-positive
cells expresses tau isoform with three repeats, an isoform which
shows lower afﬁnity for microtubules compared to mature brain
tau isoforms [11]. In mature brain, new tau isoforms are expressed,
and the whole tau protein shows a higher microtubule-binding
capacity than of that of fetal stages. Although this study has been
mainly carried out in hippocampus, the same seems to occur in
the SVZ, as we also demonstrate the presence of phosphorylated
tau in DCX-positive cells from SVZ.
In conclusion, the observations summarized here favor the sug-
gestion that tau provide a dynamic microtubule network which al-low a proper migration of new generating neurons in adult
neurogenesis. In addition, phosphorylated tau is a marker of neuro-
genesis in the SGZ and SVZ that colocalizes with DCX.
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